Dehalogenation is a significant process in recycling of WEEE plastics as energy or feedstock. Steam gasification in the presence of molten carbonates is a promising means for recycling WEEE as the plastics they contain can be converted into main product of syngas that can be recycled, and valuable metals are left for further processing. In the process, the organic halogen compounds can be expected recovered as safe and stable inorganic salts. In the study, typical chlorine containing WEEE plastic of PVC was studied by the steam gasification in the presence of molten carbonates at the temperature of 625°C. The dechlorination stage was investigated by thermo-gravimetric analysis and differential thermal analysis besides the steam gasification. The thermal decomposition of PVC proceeded in two steps, the first step is dechlorination in the low temperature region around 200-400°C, and the second step is decomposition of the remainder from the first step.The dechlorination in the steam gasification was mainly affected by the steam flow rate, temperature and carbonates. Results indicate that most of the chlorine can be removed in the process directly that the steam gasification is expected to be used as a feasible method for converting WEEE plastics into clean gaseous products together with valuable metals recovery.
Introduction
Rapid progress of the information technology or frequent model change of electronic devices has resulted in a fast increase of waste electrical and electronic equipment (WEEE) around the world. It was reported that approximately 20-50 million tons of WEEE is generated annually and still growing with the increase rate of 5%each year 1 . It attracts wide attention for its recycling after it is scraped together with the products as it contains a lot of valuable metals. Plastic is another important resource contained in WEEE besides the metal, and it is occupied more than 30 weight percent of the WEEE 2, 3 . However, only a few percent of the WEEE plastic was reused as material, most of the plastics were treated by landfill or incineration without any energy recovery 4, 5 . Promoting reuse of waste plastics as valuable materials or energy resources is important from the viewpoint of effective utilization of limited resources. However, the plastics or by-products from the plastic recovery process always contained a certain concentration of metals and organic halogenated compounds, which easy cause toxic halogenated compounds air pollution when burning as fuel directly 6, 7 . William reported that liquid products derived from pyrolysis of waste printed circuit board at 800°C under nitrogen atmosphere contained significant high concentrations of brominated compounds 8 ; they are not suitable to fuel directly without further purification. Although on the partial oxidation gasification of the plastics in WEEE at higher than 1200°C, the concentration of brominated or chlorinated dioxin contained in gaseous products decreased drastically by quenching emission to below 200°C,the concentration of the toxic halogenated compounds contained in the emission was not enough low to be used by fuel cell 9 .Development of effective and pro-environmental recovery technology of the WEEE plastics is very important.
An innovative treatment was proposed by us as shown in Fig. 1 . By applying the steam gasification in the presence of ternary carbonates under relatively mild condition, the plastics in WEEE can be converted into highly clean syngas as an energy source and clean metallic fractions can be separated without organics and further recovered by modern metallurgical plants in high efficiency, furthermore, the organic halogen compounds can be recovered as safe and stable inorganic salts. By this way, the useful resources including metals and plastics can be recovered fully and the environmental load of WEEE can be reduced as much as possible. Our published work showed that the ternary carbonates consisting of lithium carbonate, sodium carbonate and potassium carbonate were an effective catalyst to accelerate the steam gasification under relatively mild conditions and effective to produce syngas from plastics, and the metal can be easily separated and concentrated after the organic fraction volatilized 10, 11 . Due to the high chlorine content, the recovery of polyvinyl chlorine (PVC) is harder than the other WEEE plastics containing brominated flame retardant. PVC is also one of widely used plastic materials in electronic products as its excellent chemical property and inexpensive price. Highly efficient dechlorinationis important to the recycling of WEEE plastics successfully. Various dechlorination or dehydrochlorination has been widely studied on PVC recycling [12] [13] [14] [15] [16] .Shin showed that dehydrochlorination degree of rigid PVC pellet in sodium hydroxide solutions increased with the temperature increase and reached about 100% at 250°C over 3 hours 15 . A mild alkaline hydrolysis of PVC in an organic solvent was also reported with a satisfactory degree of dechlorination at 80°C for 1-3 hours 17 . Though dehydrochlorination were also carried out as an independent process to purify gas products by the neutralization reaction with hydroxide solutions, the other chlorine compounds in the product or by-products were still needed to be handled before further utilization 18, 19 . Borgianni showed the possibility of energy recovery from waste PVC by gasification in the two-stage reactor without additional dechlorination facilities; the obtained syngas showed satisfactory chlorine removal which had lower chlorine content than local emission standard when the samples were blended with sodium carbonate 20 . In this study, the steam gasification of PVC, a typical halogenated plastic in WEEE, was investigated in the presence of a molten carbonate mixture composed of lithium carbonate, sodium carbonate, and potassium carbonate by using a fixed bed reactor. The chlorine in PVC is expected to be extracted into the form of safe and stable inorganic compounds by means of the carbonates. The goals of this study are to establish mild conditions for dechlorination that the gasification can be used for energy production besides the recovery of useful metals after gasifying the organic fraction, and to investigate the dechlorination behavior by the thermogravimatric analysis of pure PVC resin and commercial PVC cable.
Materials and Experimental

Materials
Commercial polyvinyl chloride cable (EL-3762, Hitachi Chemical Company) was used as a model of chlorine containing WEEE plastic. It was crushed and classified by size using sieve mesh sizes of 1mm. The elemental analysis results for the commercial PVC cable are shown in Table 1 . In some experiments, pure PVC resin (242268, Darco®) was used as a typical chlorine containing sample. The low-melting-point molten carbonates were prepared by mixing equal weights of three carbonates (lithium carbonate, sodium carbonate, and potassium carbonate, Wako Pure Chemical Industries, Ltd.); we refer to this mixture herein as the LNK-carbonate. Fig.2 shows the schematic outline of the experimental apparatus for the steam gasification. The equipment comprised a gas introduction system, sample feeding port, preheater, reactor (inner diameter: 32mm, height: 125mm), product cooling system, and analysis system, water recovery and chlorine washing system. The LNKcarbonate (30g) was loaded in the reactor vessel and heated to the designated temperature at 20°C/min under nitrogen gas flowing. After the reactor temperature reached the experimental condition, a mixture of ultra-pure water and nitrogen gas was introduced through a pipe heated at 500°C and squirted into the molten carbonate from the bottom of the reactor vessel. After the hydrolysis of the carbonate reached equilibrium completely and composition of the molten carbonates stabilized, the sample was dropped into the reactor through the feeder placed on the top of the reactor. Blowing of steam and nitrogen gas into the molten carbonate improved physical contact among the three reaction phases: solid sample pieces, fluidized carbonate and gaseous steam. The products passed through an iced pipe, cooling them and separating them into tar and gas. The gas flow rate was measured by an integrated gas meter; the reaction products were cooled by passing through an iced pipe and separated into liquid and gaseous components. The liquid products dissolved in water were collected downstream of the cooling system. Tar condensed in the cooling pipe was collected by washing with tetrahydrofuran (THF), and the tar was weighed after evaporation of the THF. The solid carbonate residue remaining in the reactor after the experiment was recovered by dissolving in water. Hydrochloride in gaseous products was removed by passing through a washing bottle. Chlorine concentration of recovered water, carbonate residue and washing water were analyzed by the icoexchange chromatography (Dionex, ICS-1500). The collected tar product was combusted in pure oxygen atmosphere at 900°C, and chlorine content of the tar was measured by analyzing the water by which the combustion gas was washed. Fig.3 shows the thermogravimatric (TG) and the derivative thermogravimatric (DTG) curves of pure PVC resin and commercial PVC cable. Two distinct peaks were observed on the DTG curves for both commercial PVC cable and pure PVC: the first peak is in lower temperature regions of 200-400°C, and the second peak is in the regions over 400°C. Corresponding to the DTG curves, two typical weight loss steps were shown in the TG curves. The first weight loss of 65% was observed at the temperature around 350°Con the curve of pure PVC resin decomposition. The reaction at the step should be caused by the release of chlorine mainly, because the weight loss of pure PVC resin was almost equal to the weight ratio of chlorine contained in the PVC. About 50% mass loss was observed in the thermal decomposition of the commercial PVC cable at the similar temperature range, while the chlorine content of the commercial PVC was only 23.8% as shown in table 1. At the first weight loss step, the maximum weight loss rate of commercial PVC cable and pure PVC resin was observed at the temperature of 309°C and 269°C, respectively. These experimental results indicated that not only dechlorination proceeded for the commercial cable PVC in the step, but also the thermal decomposition of additives (stabilizer, plasticizer, etc.) occurred at this temperature. In the temperature region of 400-700°C, the 2nd weight loss step was observed for the reaction of both pure PVC resin and commercial PVC cable, and the temperature of maximum weight loss rate occurred are very close, which are 443 °C and 459°C for the pure PVC and commercial PVC cable, respectively. It indicated that the commercial PVC cable was decomposed with the similar mechanism as that of pure PVC resin after dechlorination at the first weight loss step. It can be concluded that the thermal decomposition of PVC proceeded in two typical steps, the first stage is the dechlorination at low temperature region, and the second stage is the decomposition of the remainder after dechlorination. Fig. 3 . Thermogravimatric (TG) and derivative thermogravimatric (DTG) of pure PVC resin and commercial PVC cable under nitrogen atmosphere (100 ml/min) at the heating rate of 10 °C/min Fig. 4 shows the chlorine distribution after the steam gasification of commercial PVC cable in the presence or absence of carbonate or steam. The chlorides contained in the carbonate residue, the recovered water and the washing water were analyzed and showed in the figure respectively, the others is the chlorine accumulation of tar, char and gaseous products. In the steam gasification of commercial PVC cable in the presence of the molten carbonates, 96% chlorine was converted into inorganic salt in the carbonate residue, about 3% chlorine flowed out with recovered steam, and less than 0.01% chlorine was finally washed out by water. With absence of steam and in the presence of the molten carbonates, the chlorine caught by the molten carbonates was still high to 87%, and only 2% in the washing water as well. Although the chlorine in the gas fraction was not analyzed, it was estimated that the other chlorine is existing in gaseous product like C2H3Cl, C2H5Cl, which is difficult for accurate collection in the small capacity reactor. In the absence of carbonate but in the presence of steam at the temperature of 650°C, 35% of chlorine flowed out with steam and collected by recovered water and 59% of chlorine was washed out by the water washing system. These results indicated that the molten carbonate is effective to convert the chlorine contained in WEEE plastic of PVC samples during the steam gasification process, and in the absence of carbonate or steam is not enough to catch most of the chlorine in the samples. 
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Fig . 5 shows the chlorine content in the recovered water and the washing water from the steam gasification of commercial PVC cable in the presence of the molten carbonates at temperature of 625°C, 650°C and 675°C. Less than 5% chlorine flowed out with steam and was collected as recovered water. The chlorine content in the washing water occupied less than 0.5%. Both the chlorine recovered percentage from the recovered water and the washing water are increasing with the temperature increase. It indicated that relative lower reaction temperature is in favor of the dechlorination in the steam gasification. Fig. 6 shows the chlorine content in the recovered water and the washing water from the steam gasification in the presence of the molten carbonate at the temperature of 650°C with the water flow rate of 0.13 ml/min, 0.26 ml/min and 0.52 ml/min respectively. The chlorine content in the recovered water decreased from 5.2% to 1.3% when the water flow rate increased from 0.13ml/min to 0.52ml/min. In the washing water, chlorine content is less than 0.03% and lowers than about 0.01% when the water flow rate increased to 0.52 ml/min. These results indicated that the chlorine can be more effectively caught by the molten carbonate with the increase of the water flow rate, and the chlorine content in the gaseous product can be negligible in the steam gasification in the presence of the molten carbonate after the water washing. Fig. 6 . Effect of the water ratio on the dechlorinationin the steam gasification in the presence of the molten carbonate at the temperature of 650°C
Effect of steam ratio on the dechlorination
Conclusions
The dechlorination behavior of PVC was studied by TGA and the steam gasification in the presence of the carbonates at a fixed bed reactor. The thermal decomposition of PVC proceeded in two steps, the first step is dechlorination at the low temperature region around 200-400°C, and the second step is the decomposition of the remainder after the first step. In the steam gasification, in the absence of the carbonates or steam is not enough to catch most of the chlorine in the sample. The chlorine escape with emission decreased with the increase of water flow rate, and increased with the increase of the temperature. Less than 0.01% of chlorine flowed out after washing when the water flow rate increased to 0.52 ml/min at the temperature of 650°C.In view of these results, most of chlorine can be converted into inorganic salt by the carbonates in the presence of steam at the first decomposition step; the steam gasification is expected to be used as an effective and feasible method for converting WEEE plastics into clean gaseous product together with the valuable metal recovery.
